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Summary Loss of performance can occur in many forms under
the environmental conditions found in gas turbines. The

rhe high-temperature erosion of blade tip seals that degradation of materials due to solid particle erosion at
can occur in Las turbine eneine, was sinmulated by using high temperatures is one of these forms. Erosion damage
a modified jet fuel combustor. The erosion resistance ,:an be caused by ingested airborne particles, normal
of engine Neal specimens formed from plasma-sprayed, engine wear, and products of combustion. The environ-
vttria-,tabilized zirconia (YSZ) was evaluated at three ment in a gas turbine is conducive for the erosion process
impingement angles (20' , 450, and 90' (perpendicular to to proceed. Because gas temperatures are high, material
the flos)' and at three locations do',nstream of the properties diminish. The high gas velocity allows particles
nozzle (.6, 10.2, and 12.7 cm (3, 4, and 5 in.) from the to attain sufficient kinetic energy to damage engine
no,,le exit to the center of the specimen surface). Tests components.
were also performed to evaluate the following test rig Removal of material by erosive processes in a corn-
parameters: particle velocity (260 to 320 nm/s; 850 to 1050 mercial gas turbine is typically a long-term problem.
ft s). particle diffusion in the hot gas flov,, and specimen However, certain operating conditions can result in large
surface tempera:ure (1250 to 1600 'C; 2280 to 2900 *F). amounts of debris being ingested in a short time. Several

The 19 seal specimens tested were formed of two thousand hours of normal erosive wear may be accumu-
differen weight percentages of Y20 3 and two different lated in just a few moments.
compliant layer materials (Brunswick Co. FM-534 and The present study investigated high-temperature ,
H-875). Neither of these specimen differences had any erosion rig parameters and tested plasma-sprayed, yttria-
noticeable effect on erosion rate. The series of erosion stabilized zirconia (YSZ) seal specimens. Test rig param- 4]
tests showed that surface imperfections are zones of eters such as particle velocity, particle pattern diffusion
increased erosion activitv and that the rate of material in the high-temperature gas flows, and attainable speci-
remoa! strongly depenued on the impingement angle. men surface temperatures were experimentally
Erosion proceeded much more slowly at 200 than at 45' calibrated. Specimens simulating turbine tip shroud seals,
or 90. Some specimens examined, after testing, with a where the exposed surface that was eroded was the ''SZ,
,canning electron microscope showed plastic deforma- were tested at three impingement angles and at three
tion although the specimen weight loss data indicated a positions downstream of the nozzle exit plane. Each
brittle material erosion process. Overall surface specimen was typically tested repeatedly at only one
appearance, obsered , ith SEM. changed depending on location and one angle of impingement. Erosion results
the impingement angle during the erosive process. are presented as specimen weight loss versus particles
Surfaces examined at 900 impingement exhibited random used (mass of particles injected into the combustor flow).
edge and side impacts, but at 450 and 200 impingements
the impacts %',ere oriented in the direction of the
combustion gas flow.s

Test Rig Configuration

The test rig consisted of a jet fuel combustor modified
Introduction so that the erosive grit material (aluminum oxide) could

be injected into the centerline of the combustor (fig. 1).
The major emtplasi, in gas turbine research has been Combustion air was provided by 827-kPa (120-psi) shop

on improving efficiency. This can be done by decreasing air and preheated before being mixed with the jet fuel.
clearances between the turbine rotor and the turbine tip The burning of the fuel in the combustor provided the
seals and reducing cooling requirements while increasing test rig with a high-temperature and gas-selocit) source.
gas path temperatures and turbine rotating speeds. I he erosive material was dispensed into a carrier gas tube
-Therefore degradation of tight clearances and damage to by a commercially axailable powder feed mechanism.
airfoils, rotating and stationary, arc of the utmo,,t rhe erosive grit and carrier air were preheated before
importance (ref. 1). injection into the Lombustor. The specimen %as located

- - - - - - - - - - ..- -.
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Figure I. -High-temperatLure erosion rig.

downstream of the nozzle exit and positioned in the flow ronment as possible for the design of the test rig while
at a location to provide the test-required specimen minimizing the amount of diffusion of the erosive grit
surface temperature conditions and at an impingement material downstream of the nozzle exit. An alternative
angle of interest, design of high-temperature erosion test facilities employs

The test rig had a converging nozzle and sonic velocity long vertical acceleration tubes to allow particles and
was maintained during the entire test procedure. This carrier gas velocities to become essentially the same
provided the particles with as high an accclrating envi- (ref. 2). This is useful in studying how particle velocity
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influences the erosion process. However, this design optical prometerl and a thermography sytet-
typically cannot produce high-temperature test thermally mapped the surface. The amount of surface
conditions because of the amount of heat lost to the long that the pyrometer used to determine the surface
acceleration section. temperature was approximately 5.1 crz (0.8 in2). lhe

Present gas turbine temperatures are in the 1300 °C thermography system was used to in\,estigate temperat ure
(2400 *F) range, and the trend is toward higher temper- distribution across the specimen. The system has a sensor
atures to achiee thermal efficiency payoffs. Meaningful that is sensitive to radiation in the 8- to 12-;m, wvavelength
tests of gas path seal materials require ealuation at range. Since the system must viewk the specimen through
thce higher temperatures to determine their erosive combustion gases, a 10.6-rm filter %,as used to eliminate
characteristics, combustion product radiation.

Another aspect of the test rig is that the specimen can
be cooled on the substrate side to allo,' simulation of
heat flux through the specimen. In the typical gas
turbine, cooling air to the gas path seals is bled off from
the compressor. This air is used to cool the back side of High-Temperature Erosion Parameter
the seal as \%ell as to provide a positive pressure drop of Calibration
compressed air to counteract any chance of' hot combus-
lion Las backflosing around the seal. Before testing it \%as important to have the test process

Do,. nstream of the test section the spent grit material variables for the test facility investigated. Experiments
and other debris are collected in a water mist scrubber were performed to gather the necessary information on
and then discharged to the vent. specimen surface temperatures and thermal gradients,

particle %elocity. and particle pattern diffusion in the
tlos as a function of specimen location.

Instrumentation Specimen Surface Temperature and Thermal Gradients

Instrumentation on the test rig monitored temperature. When testing turbine materials in a high-temperature
pressure, and flo%% conditions during the tests. These data erosise medium, it is desirable to have the target surface
,,ere taken and averaged by a minicomputer during the attain a temperature representatise of turbine environ-
tests. The instrumentation used to control rig set poinis ments. Surface temperature-, are affected by the distance -
wa, essential to repeatable test results. One set of do\nstream from the nozzle exit, the angle of impinge-
pressure arid tlo, conditions were chosen. Tests for ment. the additional tloss in the combustor due to
calibration and operation ,ere conducted under the same particle carrier gas injection, and the grit material itself.
Condition,. Surface temperature as a function of impingement

Specimen instrumentation sas only concerned with angle and distance dows nstream " as inestigated by using
monitoring temperatures during the test procedure. Each test specimen 1Oa (table 1). The results of the series of
specimen \.a- thermocoupled at t\,o locations at the tests (fig. 3) indicate that attainable surface temperature
interface betsseen 1he substrate and test surface material for the test hardwvare configuration depended strongly on
and at tso locations on the back side of the substrate impingement angle and downstream distance.
(fig. 2). Surface temperature,, %%ere monitored by an For each location and incidence angle the rig wsas

ignited and brought up to steady-state rig set points as
quickly as possible. Once temperatures stabilized, in i

A approximatel. 5 min. the additional carrier gas "as -.

/ v,n,i f i allo\%cd to losi through the particle feed s\stem. This
prosided a simulation of all airflow conditions v ithout
introducing the grit material in the tlo%. The additional

Therrio- -l!r.rrrl- airflo, through the particle Iced system produced at
, ' r , couple, on

subtrate t most a 25 deg C (45 deg I) drop from the surface
surface CA *., tenperature ,khen tihe carrier gas \%as turned on.

S -_ - Shstrat- I)uring erosion test,,,. 'hen the erosise grit material and
extra air are iniecied into the combustion 11o. the
surtace temperature c'an drop W(1 to 121 deg c(.16 lto 220

JO', , deg H. Similar losses ot surface temperattire \ .erc

tw i-iru C I nrA..! ic,.

1 t I: 2 t *nl,,iI li'h It.npera~lr e r c T I[ cr .'.iur ' p .'rc ln-cf \uih ( r'r~lc.% J~~llt'ri i,. In,
]ru fnc1 l, r n~rflhf [tI!r ,imc! rh, I l,



TABLE I.-TEST SPECIMEN CONFIGURATION

Ipingement Distance from Dimensions of plasma- f YO Compliant Specimen
angle, nozzle exit to spraed layer content, layer type,
deg specimen center ',t o

YSZ NiCrAIN'

cm in. (bond coat)

mm mil

90 7.6 3 2.06 81 0.10 4 8 H-875 IOa

10.2 4 2.11 83 .10 4 8 FM-534 la

10.2 4 1.60 63 .08 8 8 16

10.2 4 1.93 76 .13 5 12 10

12.7 5 2.13 84 .08 3 8 2a
12.7 5 2.08 82 .10 4 H-875 5a

12.7 5 1.70 67 .15 6 F%1-534 24

45 7.6 3 2.03 80 .08 3 H-875 9a

7.6 3 1.60 63 .10 4 V FM-534 14
I0.2 4 1.88 74 .10 4 12 FM-534 I I
10.2 4 1.80 71 .13 5 12 FM-534 12
12.' 5 2.06 81 .10 4 8 H-875 Ila

12.' 5 1.73 68 FM-534 7

20 ".6 3 2.03 80 H-875 7a
7.6 3 2.08 82 H-875 8a

10.2 4 2.08 82 FM-423 4a
10.2 4 2.11 83 .08 3 H-875 12a

12.
"
' 5 2.13 84 .10 4 FM-534 3a

12.7 ;5 2.06 81 08 3 H-875 6a

Led in preliminar, 1.85 73 .13 5 12 FM-534 9

calibration tests

I--recorded for all locations and impingement angles. Only
a 25 deg C (45 deg F) loss is accounted for by the excess

air from the particle feed system. Apparently the erosive
1 _ grit material was responsible for extracting energy from

* 17  the combustion products. A typical specimen test tem-
perature history during an erosion test cycle is shown in
figure 4.

noo -0 It is conceivable that removal of material by any proc-
ess is associated with increases in temperature because

an -t i tenergy is dissipated in the form of heat. However, this

" d Xwas not found, as indicated by the instrumentation, and
* I ~ c, - ~is thought to be masked in the net sum of temperature

S--loss due to particles gaining heat from the flow.
Knowing the emittance of YSZ, it was possible to

_____ ______ _ ] determine the temperature changes directly from the
10 1? 14 video monitor. (In ref. 3 plasma-sprayed coatings of YSZ

rentkrj,-i. !,istrPa'- distance, ct-. with thicknesses greater that 510 pm (0.020 in.) were

L K_ _ shown to have emittances nearly equal to 1.0 in the 8- to
4 4 12-pum wavelength range.) An example of a typical

centr1ine dosntrsar' istance, in. thermal image when a YSZ specimen had reached steady-

I igiire 1. Ntinable sead% -state surface temperature. (Data taken state temperature is shown in figure 5.
tron aniple Ii). "urtacc temperature during erosion would be 90 The temperature dependence of the specimen on
i' 121i deg (IN) to 220 dy Ii lower (or grit flow of 0.2 g/s (1.6 location downstream, impingement angle, and changes in
lb hiri combustor conditions during testing is governed by a very

* i
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Figure 4.-Temperature-time history of a typical erosion test. Data presented are for sixth test of sample 3a at 12.7 cm (5 in.) downstream of
nozzle exit and 20° impingernent angle.

complex heat transfer situation. Radiation between the
specimen surface and the high-temperature combustion
products, the nozzle surfaces, and the surroundings of

s ca the specimen along with the forced-convection terms all
contribute to determining the surface temperature for a
particular location and impingement angle. The solution
of a complex problem such as this, while an interesting
topic, was not the focus of this study. It was decided that

Specimen width it would be more expedient to measure the temperature

variation and not try to model it.

Particle Type, Size, and Velocity

The erosion material chosen for this series of high-
0 C (248 R temperature ero.ion experiments was aluminum oxide.

This material is used for many grinding applications. Its
abrasive qualities, high melting temperature, and hard-
ness make it a suitable grit material for studying high-
temperature solid particle erosion (fig. 6).

The aluminum oxide grit material used for testing was
130 pm (0.005 in.) in average diameter. Grit material was

Ssieved twice to further narrow the distribution of particle
size. Particles used in the test program had to pass
through a sieve with a 149-pum mesh opening but not
through a sieve that had a 104-pm mesh opening.

Particles of this size were used for two reasons. First,
ta) Thermal image of YSZ specimen. particles with average diameters greater than 100 pm are

(h) Thermal profile of YSZ specimen from line %can location shown in minimally affected by secondary flows around the
tig. _Stat specimen (ref. 4). Thus the particle-gas flow that

Figure 5.-Thermography image and temperature profile across impinges on the specimen will cause erosion damage and
specimen. Sample at 10.2 cm (4 in.) downstream of nozzle exit and
90' impingement angle. Surface temperature difference from center Will not tend to deviate from impacting the surfaces
to edge, approximately 480 deg C (860 deg F); pyrometer tempera- because of the flow over these surfaces. The second
ture. 1540 °" (2800 'F). reason was the experimental determination of particle

6 0.
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assembl\'s angular speed was monitored with a strobe
light to ensure that the proper aerage speed measured
during the flo,,% of particles "as used for calculating
\elocity.

lhis method .. f measuring particle \elocity has
difficulties. BeLtase the particle ,elocity %as 260 to 320
in s (85( to 1050 ft s), the deviation of the particle
impact pattern ",as quite small. Thus the test results are
more prone to errors than if there were large pattern
centerline changes (lower particle xelocit ). Initial efforts
produced displacement,, too small to be measured
accurately, therefore a number of changes %%ere made
(fig. 7) to increase the accurac\ of the tests. A higher
speed motor was used to drive the disk assembly, and the
disks were separated by a larger distance. Also two
circular holes (the same size as the nozzle exit diameter)
,were made in the first disk. Data from both hole
locations were used for each test position investigated to
find an average velocity for that test. Even on the same
test there were data variations of 10 to 15 percent.

Particle Pattern Diffusion in the Flow

Particle interaction with the gas flow must be
investigated when the specimen and combustion product
stream are similar in size. If the diameter of the test rig
nozzle is much smaller than that of the specimen, the
problem is at least partially avoided.

I -C-V U I I \ :uui 'I grit material used in high-temperature When particles are introduced into the combustion
, , t,,, , ,airp edge, and irregulr ,hapre, products, they follow approximately the flow streamlines 0

of the diverging high-temperature jet. Thus sample size
sclort~c. ccau'c of the method used to determine can affect the erosion rate at any particular location in
parinic %elocitic-. particles of this size would be less the combustion gas flow. To determine the extent of
alteted b abruptl. changing flows, divergence of the erosive medium, stainless steel

Par icle oit. in gas liow~s can be measured b" specimens were used with dimensions far in excess of the
,e'cral method,,. These methods include laser Doppler divergence of the combustion gas-erosive grit flow. Tests
anemomctr., high-speed photography, or a double-disk were run at positions where test hardware would be
tmc-ot-tllght method. The accuracy of each method is evaluated. Rig set points were duplicated, as would occur
proportional to funds expended for instrumentation and in an actual test. The samples used were 10 by 10cm (4 by
ncstigator,,' time (ref. 5). As mentioned, the need for 4 in.) on the sides by 1 cm (0.25 in.) thick. Particle tlow

this measurement can be avoided by using long vertical lasted typically 5 minutes and approximately 50 g of grit
acceleration tubes that allow the particles to have material was used.
,tufficient timc to reach the gas flow velocity (ref. I). These tests were evaluated by examining the erosion

In this study the particle velocity of the grit material pit. Two downstream locations in the combustion
was experimentally determined by a double-disk system products are discussed here: 7.6 cm (3 in.) and 12.7 cm
(ref. 6). Two parallel disks were rotated on an axis (5 in.) downstream of the nozzle exit plane-the center-
parallel to the high-temperature gas flow (fig. 7). Circular line position extremes where YSZ test hardware was
holes in the first disk allowed the gas and particle flow to eroded. The pit profiles were measured by passing the

pass between the two disks. The angular difference sample under a laser profilometer. 3 The system consisted
betseen the initial center position of fhe hole and the ot a low-powered helium-neon laser and a one-
erosion pattern center provided the necessary informa- dimensional linear diode array. Laser spot position
tion. The hole position in the upstream disk was changes on the linear diode array were related to surface
referenced on the target disk by pinning the two disks height changes. Nonlinearities were eliminated by an
together. The disk,, were separated by blocks of the same
length at 90' increments to keep the distance between
the disks constant. During the velocity test the disk 'Sigma Resear i. Inc.

6

- 5



I.
Combustor f Spacer block

nozzle locations

qas and grit f -
material C )

Disk 0
Hastelloy disk rottion KP Disk
with holes drilled rtto
to allow flow be- Spacer block roai

tween the two disks 
d.ag turing

H Target test
ha' disk

Front disk Particle flow holes

5ooL
00

2 6 10 14
Distance. cm

2 3 4 5

Distance, in.

(a) Particle velocity measurement test setup.

(b) Distance from nozzle exit plane to mid-distance between disks.

Figure 7.-Particle velocity measurement test setup and measured results as a function of distance from nozzle exit plane.

internal microprocessor, and the analog output was read
by a minicomputer. E"

major advantage of the laser profilometer is that its .. r-- .
range is greater than 0.76 cm (0.3 in.). Typical highly
sensitive surface-contacting profilometers can tolerate - .01 "
height changes of only a few thousands of an inch. The i .4
disadvantage is that the laser spot size (0.2 cm; 0.08 in.) .0?
does not allow very fine details of surface damage to be " 0 I

measured for this particular laser profilometer system. 51,stdnc, a(r')ss dr (-'., I

A sample surface profile was generated by taking 75 _ __

data points at 0.1-cm (0.04-in.) increments with a lead- 0 1 .

screw-driven slide. For each location of interest a graph Distance acros saFph,, i.
of material removed versus distance across sample was

Figure 8.-Surface profile of erosion pit front particle-diffusion-nn-flo
constructed (fig. 8). After taking a number of these plots test. (Data taken at 7.6-cm (3-in.) position on horizontal centerline.)
in the horizontal and then vertical directions an erosion

- pit map at each downstream location (7.6 and 12.7 cm; 3
and 5 in.) was constructed. The maps (fig. 9) were
produced by taking the horizontal and vertical profiles Specimen Configuration
and locating where 0.013 cm (0.005 in.) of damage
started. The starting and ending locations were then Specimens for this series of tests consisted of four

* positioned on a figure of equal size to that of the particle layers (fig. 10). The base or substrate material was stain-
test specimen. The smallest circular area that included all less steel. The substrate had two holes drilled almost to
of the data is shown in figure 9. What can be seen from the opposite face to allow thermocouple measurements at
the figure is that the particle centerline does not the higher temperature side of the substrate. Also, two
correspond to the combustion nozzle centerline and also more thermocouples on the back surface provided

" changes with respect to downstream position in the flow, temperature changes across the specimen substrate.

0'



thick arid %%as composed of Ni('rAl)' 0160-r6A]
0. 14Y -Ni).

F.">- The top layer plasma sprayed onl the specimen s\ as N~ St
that % as cit her 8- or I 2-%%it Y44)~ This laser %kas
sprayed on in the sacmanner as the bond co0at in

-t thicknressvs from 0. 15 to 0.20 cmn (0.060 to 0.080) in.). All
specimens were tested in thle as-sprayed conidit ion. Bond
coats anid ceramic top lasers w~ere plasma sprayed b%
automated equipment. Specimen Conl fig Urat tons tested

''IL are gisen in table 1.

1 i Qtire 9'. arr icL diffuv oat ptterit' at t ~ko locations do'~ no reari Ot
* ~io/.'e arid retationrish p et 'k cc pattern i iie ad specinien sic.

I 'articlc pa tern, ha 'Cd ott where protilontomer indkat ed 0.1-, inii Ts rcdr
(o Wt5 iin ot urta,:e reino~ed.)

',train s~iationThe procedure for the sample testingL w\as carried out
tvI j - erJ ,~ Nr fon tiesaecndtos suetfrfieronlbrto

____________tests. Specimen and grit material in thle test rig k~ere
weighed to establish initial conditions. The sample was
then placed in the desired dos nst reami location at thle
desired impingement ail gle.

jat Oneth ig and spcciwnt w t:'lroutzhi to thetir
* ~Ii,. r ~ Lht~5steady-state conditions (t.mperat tires., pressures,, and

At' snless steel, tlo%% rates), the particle lo,. .%aN introduced. Fitirc 4

displays a typical temperatur- ersus-t nripot tor the
surface, the stainless steel-comiplait la\ er inter tkc, aiid
the substrate back side.

Particle tlo\% "~as controlled F% ~o;tmer ciidls
available poWer feed asebs.Parr icl2 llo\ for jn.

- -one test lasted t ypical[\. 2 mmi. (Thle mass !Io\% tate of rile
particles "~as approximratels 0.2 L! sec (1 .6 lb hr) tor

I- icure 10.-Typical test rw specirren. sow ~ins! orienratiori of material these tests.)

Once tilie particle tlo\ lot a particular t s \'is :oin-

Th scod avra fiberietal (comnpliant) layer, \%as pleted. the combustor fuel tlo%% %\ a, stopped arid thre rig
rhe ecod laerand sample \keie allhmed to cool to room tentper atutre. 0

furnace brazed onto the stainless steel substrate. Thi Iinally thle ht r nl rdtepi ieil\cc o~
type of intermediate layer between the ceramic top laser saieardtertmtralsecs chd
arid the substrate has -been shown (ref. 7) to mininti/we toderieh \cg lsf,.Htanpen ie

amiount ofterit triatrial us~ed.thermally, induced stress that could cause YSZ coating I lit' prCdureC \ka repeated titli Oither tilie coat1 t1C
spall. A-lso, because of the porous natuLre of t liese s Cs roded to The ortipliatat Ial er Ot othetl spcinrer'

0fibermetal layers,, their t hernial cotiduct iyt% is quite Io%% 1,at10ute 11, h a, p-illmL tC t the oxint 1t o tnf ed Tile S
in comparison with that of a totally dense allo\ (ret. X ). ui~ r ~ veI~ re i n iestil 'aF. ~ ~~~In this series of tests two types of fibermietal'I %kerc used ariatitipt'tetttl idJ'ar oststttt
as an intermediate laver: F\1-534 (25Ni-9.0.'\-I .S(r Of Ol lrll k'S
-MiCo-Fe) and H-875 (22.5Ni-5.5AI-().5Si-0. l( le).
Both materials are about 30 to 35 percent as detise a' a

* totalls dense alloy. Both are approximiatel% 0.32 .n
(0. 125 in.) thick and hay e a relatively long oxidat ion It e Results and D~iscussion
at temperatures below% 980 *C (18WX) [

LAfter fibermetal brazing was completed, tire top Tlre Inil t erriper at tirte er 'i. 'ri es It pr e'errtd Item erri
surface of the fibermetal \% as grit blasted arid plasmta \k cccon~rild li ont 19 datfCCl POC1s Irrr OpLirei t trrarCrtal
sprayed with a thin bond coat. The bond coat %%,a,. conlivurarrorr di!teretices be\tl t~ilrie SpeCimerts. see

* approximately 0.008 to 0.010 cm (0.0W3 toi 0.(X)4 in.) table'lI I he ,pecinrietls \crc rested :it rthree titiprrrmrmerrt
angles (20t . 45,' aid 90 ) dild a t thlree loc:ations d0\% l-
stream oif the rto//,l exit C,6. 10 2. arid 12 erir 3. 4,

'Brns'ack C arporation. ai i.F

an 5 ll)



M1acroscopic Specimen Eialuation

- Specimen,, ssere e\posed to socre t hcrnal trainsient,
- hccajusc kif thle ltatin and stopping oft he rig. I h

sur face temperatures Of' a specimen under the ses crest
start inv condlit ions increased f'rom thle ami~ent(
teCmpe)ratuLre of 50 'C W'2 'F) ito 15WX 'C (2"32 A-) in./

* appro\nniately 20 seconds. Thle startup anid cooldoss n
* cycing cuscdpreferential cracking (muidtlat cracks) of'-

*the 'YSZ top laser (figz. 11). This thermally introducedj
stress relict cracking was found to some degree onl all of'
thle specimlenls tested. The densitv of' these cracks 0
increased as the thermial teot ens ironment became more -nleit1j

d-1 ;It

f[lie :rack densit \\ as, significantlv highier at tile
,centerline of the high-temrperat ure vas strearn and tended
to produc enhanced erosion. Cracks and other surface4 ~Inmperfectionis subjected to erosion are shoswn in reference

9to he iones of' itncreased material remosal, for an
aluminum alloy tested at loss temperatures. The ceramic ", rtrviI,

spec:imens tested inl this study at high temperatures ,iy~

shossed the same trends. On specimens positioned at 900 rld, t r r~i

4 ~(perpendicular to the flow%) both sides of' the thermal ()Ipneetail.9'

,i re,- eroded in asimilar fashion and atahigher (b) tmpinsgemneni angle, 45 and 20.
rate than the surrounding surf'aces. On specimens post- Fguet.-feio minrnianeonroonerrndt-

*tioned at 45' anid 20' to the flowk the erosive pattern was cracked ceramic Iaver.

e nhanced dlossnisreamn of' the crack (fig. 12). Also, the
spec:imrens ssere tested in the as-sprayed condition. These

the erosive process proceeded, as was seen for the thermal
as-sprayed surfaces %% ere characterized by some srs rcs
irregularities, that w~ere further enhanced and enlarged as Another problem was a leading-edge effect onl

specimens tested at the shallowest impingement angle.
Even though most erosive damage was only slightly off
center, the side of the specimen as well as the intended
top surface was exposed to the erosive grit. Thus the
impingement angle was less well defined, and early
failures occurred from cutting into the compliant layer of
material caused by grit material impact at near normal
trajectory along the leading edge of a small portion of the
specimen (fig. 13).

Note that none of the test specimens failed at the
* compliant layer-substrate inter-face. Temperatures at this

Ir tow I I Iigh -ieniperat nrc erosion specimen, shosw ins ses cre

!M t~IX rtJ Sper1irTnet1 Aa. tesied at -6cm I in. I d0Anstrcanrol ligiire 13. -- igili-icinperit tire erosion fleoiiiei ai'ic i est at 7-n

iiit a t WO iniphitznieni angle.)I(-i. doi'~risrearn di~tanice anid 20 iniigemniei angle
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loc ion reached nearlx 6S0 °(' (1250 OF) for the severest The remaining specimens to be discussed had surfaces
condois. Ho, c,.er. on a fev, ,pecinlen, ,mall sectionls tha! , ,ere eroded. Three different specimens (figs. 15 to
ot the top la ,cr did ,pall off. Thi, usuall, happened v, hen 17) exposed to the erosive medium it 12.7 and 10.2 cm (5
the top ceramic surlacc %as eroded ass at and the high- and 4 in.) downstream of the nozzle exit plane s' ith a 900
temperaturc -a, and grit ,erc permitted to act on the impingement angle ,ere examined in the SE*. 1he
bond coat layer and through the compliant la\er. surfaces had randomly distributed and oriented markings

that indicated particle edge and flat side impacts.
Mro i Specimen ain Presumably this '%as caused by the grit material having
Miroscopic Specimen E (lu n sharp, well-defined edges (90 ° typically from one face to

Some of the specimen,, %ere examined by scanning the next) along wkith very flat surfaces betseen these
electron microscope (SE\l) to in\estigate hok the surface edges (fig. 6). Also sonic surface material had been
\%a, affected by the erosive medium. These specimens had melted and then reattached to nearby surface material
t.spicall\ been cycled from ambient to steady-state tempera- (fig. 15).
ture and eroded seseral times. SENI photomicrographs of One specimen examined in the SENI wvas exposed to the
eroded surfaces sere taken at locations wNhere at least erosie medium 12.7 cm (5 in.) dosknstream of the nozzle
0.-6 mm (0.03 in.) of material was ,xorn from the original exit plane at a 450 impingement angle. Particle impact
s"rtace. sites (fig. 18) were different from those for the 90'

The first specimen to be discussed is one in which a impacts. At some impact sites the particle appeared to
series of preliminary surface temperature measurements have penetrated or skidded along the exposed surface.
were made. This particular specimen was not eroded but Also found on this particular specimen %sere areas of
instead vas thermally cycled at a number of downstream material that had no surface damage (fig. 19).
positions and perpendicular (900 impingement) to the gas The last specimen studied by SEM was exposed to the
rio,.. The plasma-sprayed surface (fig. 14) showed micro- hot gas and erosive medium at 12.7 cm (5 in.) down-
cracking from the plasma spray process along with mud- stream of the nozzle exit at a 200 impingement angle. The
flat cracking due to thermal stress relaxation. type of posterosion surface found here was particle-

Mudflat cracks I

, V

0 * Mic roc racks~'

t
I MM ' l , 100 ir '

I gure I 4-Speoiein 9a attcr r2 iesi ,ithoui erosi'e partiIc, in t'o,,., shoktng miudil i crack, and mtcrocrackliF ot N v
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~ ~Undamaged
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Skiddingimpact on

surfac
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*Figure IS.-SEMI photograph of specimen 7, which was eroded at Figure 19.-SEM photograph showing zone of undamaged material.
12.7-cm (S-in.) do%%nstream distance and 45* impingement angle, (Location of zone is where approximately 0. 10 cm (0.04 in.) of YSZ
showing "skidding' impacts on surface, was eroded to expose this region.)
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Figure 21.-YSZ weight loss, as a function of" imping~ement angle.
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,pra. ed .ttria-stabili/cd /irc.onia gas path sal,, indicated
the 1follo,,,ing results:

"1. ae-ial removal a,s slower at shallov, impinge-
ment angles (2W) than at 45' and 90' .

2. Microscopic e\ aiuation of specimen surlaces
indicated plastic deformation (ductile behavior), but
material o\erall erosion behavior sug gested brittle
material erosion rates.

3. Erosion activity \\as greater at cracks, surface
imperfections, and other sources of surface irregularities.
l. The surfaces changed in appearance depending on the

impingement angle of exposure on both microscopic and
macroscopic scales.

4. Sample differences in weight percentage of Y203
and compliant layer material did not have any effect on
erosion tesults.

Specimen surface temperature particle velocit\,
and particle diffusion in the flow, w\hich changes with
specimen location, did not alter bulk erosion rate at
constant impingement angle.

6. Severe thermal transients from the heating and
cooling cycles produced mudflat cracks in all of the

± * -specimens tested.

S- - - A National Aeronautics and Space Administration
.;-,,' , Lewis Research Center

Cleveland, Ohio, September 18, 1984
(a) Ductile and brittle material erosion response. (From ref. 10.)

(b) YSZ specimen. Error bar, denote ± I standard desiation on slope.

Figure 22.-Erosion rate a, a function of impingentent angle for YSZ References
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